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1982.-Significant differences between kpicardial and endocardial systolic stress in the wall of the left ventricle (LV) have been predicted by various models of LV mechanics. Yet a model incorporating transmural differences in fiber orientation and torsion, defined as a rotation of the apex with respect to the base around the long axis of the LV, predicts transmural equalization of stress and shortening along the fiber direction during the ejection phase. This equalization is due to an interplay between torsion and myocardial contraction. To assess the model hypothesis, predicted epicardial deformation during the ejection phase was compared with that measured experimentally.
For this purpose 45 sets of measurements were performed in four open-chest dogs using a triangular array of inductive gauges for the assessment of epicardial circumferential strain ( l C) , base-to-apex strain (et), and shear angle (7). Changes in shear angle are directly related to LV torsion. LV end-diastolic pressure was varied over a wide range (O-15 mmHg) by volume loading and bleeding. In the control state, the slope of the shear angle vs. volume strain curve (volume strain = 2 E(. + Ed), which is related to contraction, was found to be 0.74 k 0.10 (mean t SD). This compares reasonably with the mathematical model prediction of a slope of 0.67. Due to an interplay between torsion and contraction, left ventricular fiber stress and fiber shortening might be uniformly distributed across the wall. c transmural stress distribution; left ventricular torsion INSIGHT into left ventricular energetics is often sought through study of the relationship between left local intramyocardial mechanical loading and global ventricular pump function. The latter is usually described by hemodynamic parameters such as left ventricular and aortic pressure as well as aortic volume flow. Regional cardiac mechanics may be defined by local fiber stress, velocity of sarcomere shortening, generated mechanical power per unit of tissue volume, or intramyocardial pressure. Knowledge of fiber stress, fiber orientation, and left ventricular geometry, all of which determine intramyocardial pressure (2, 4) , is important because of its relation to coronary blood supply (8, 15) and myocardial metabolic needs (19) . Overall pump function of the left ventricle can be assessed in animal experiments by measuring with conventional techniques left ventricular pressure as welI as pressure and flow in the ascending aorta, In spite of several investigations using myocardial gauges (7, 11, ZO) , direct determination of local wall stress remains difficult and unreliable because of artifacts and tissue injury at the site of measurement (2). Hence we preferred to calculate wall stress from left ventricular pressure and dimensions using a mathematical model of left ventricular mechanics. The model that we developed differs from others (16,X, 29) in that anisotropy of myocardial tissue as well as torsion of the left ventricle are considered. This torsion is associated with rotation of the apex with respect to the base around the long axis of the left ventricle. Furthermore, no transmural differences in mechanical properties of the myocardial tissue that were previously suggested (IS) are introduced.
Analytical results obtained with this model indicate that transmural differences in local fiber stress and sarcomere length are small throughout the entire ejection phase. Further analysis showed that this essential transmural uniformity of mechanical loading is a direct consequence of consideration of anisotropy (2) and torsion(4) in the model. Because the results obtained with this model contradicted the frequently calculated higher mechanical loading of the subendocardial layers (16, 29) , it was decided to test the mathematical model against left ventricular mechanical parameters measured in openchest dogs.
In the absence of a direct and accurate measurement of transmural fiber stress distribution and intramyocardial pressure, we have chosen to study local myocardial deformations. Epicardial left ventricular free-will deformation can be measured accurately in the open-chest dog without significantly influencing the mechanical behavior of the ventricle (3). Epicardial deformation is fully described by three parameters: i.e., circumferential natural strain, base-to-apex natural strain, and shear. The time course of these deformation parameters and their interrelation during the ejection phase were then compared with predictions by the model. Mathematical model of left ventricular mechanics. The mathematical model relates overall left ventricular pump function to mechanical loading of local myocardial tissue. The principles of the model (1, 4) are briefly recapitulated below.
I) The left ventricle is assumed to be a thick-walled cylinder composed of eight concentric cylinder shells (Fig. 1 the forces exerted by the internal pressure and by axial stresses within the cylinder wall are in equilibrium. 3) Shear stresses in the' latter cross section act circumferentially and result in an equilibrium of torques. Thus the cylindkr is allowed to twist, which simulates rotation of the apex with respect to the base around the long axis of the left ventricle. 4) The myocardial tissue is considered to he anisotropic and is modeled by a contractile fiber structure embedded in a soft incompressible material (2). 5) The myocardial tissue is assumed to be contractile instead of purely elastic. The contractile properties of the muscle fibers are taken to be uniform across the wall and are characterized by a stress-sarcomere length-velocity of sarcomere shortening-time relationship expressed by a first-order differential equation (APPENDIX 1). 6)
The onset of muscle contraction is assumed to be synchronous. 7) Different fiber orientations (17, 26, 27) , sarcomere lengths (17,30), and stresses are used for each shell of the cylinder. 8) The afterload of the left ventricle is simulated in the model by a combination of a diode (aortic valve) in series with an inertance, a resistance (aortic characteristic impedance), and an arterial capacitance in parallel with a second (peripheral) resistance (28) . The values of these parameters were determined from the relation between aortic pressure and aortic volume flow, as measured in the in vivo experiments. 
where r is the outer radius of the cylinder, R is the reference outer radius of the cylinder, h is the height of the cylinder, and H is reference height of the cylinder. The shear between the angle y is defined as the change of the angle circumferential direction and a line on the epicardium that was perpendicular to the circumference in a reference state of deformation. Shear occurs when torsion of the cylinder is present (4). This torsion, representing left ventricular torsion, is associated with rotation of the upper plane of the cylinder ( Fig. 1) with respect to the lower plane around the axis of the cylinder. In the present study mainly changes in epicardial deformation parameters (AE~., AE~, Ay) are assessed. From Eqs. 1 and 2 it follows that a change in natural strain only depends on the segment lengths before and after deformation. Therefore the actual value of the reference segment length is irrelevant to the analysis. ------Previously the fiber orientation in the left ventricular free wall was assumed to be representative for the whole circumference of the left ventricle (4)? despite apparently differing fiber orientations in the right ventricular free wall and right septal layers (26). To model this asymmetry the fiber orientations of the right halves of the outer cylindrical shells were replaced by the fiber orientations of the right ventricular free wall and right septal layers (Fig. 1) . For simplicity of the model the right ventricular cavity is not considered, and in the calculation of equilibria of forces fiber stress as calculated from sarcomere length and time (APPENDIX 1) in the left and right half of the shell is assumed to be the same. Figure 2 shows theoretical results for nornial contraction at an end-diastolic volume of 60 ml (i.e., control state). During ejection (indicated by forward aortic volume flow), circumferential natural strain, base-to-apex natural strain, and shear angle were predicted to decrease by 0.083, 0.095, and 0.169 rad, respectively.
During aortic occlusion systolic left ventricular pressure increased by 90%, the duration of contraction was prolonged by 50 ms, and systolic changes in circumferential natural strain, base-to-apex natural strain, and shear angle were -0.01, +O.OZ, and 0.00 rad, respectively.
To describe the left ventricular mechanics, a basic variable had to be introduced to which all other variables could be related. Often left ventricular volume is chosen. However, its quantification throughout the cardiac cycle is difficult. Therefore natural volume strain (E,) was introduced as the basic variable, expressing the relative change of volume enclosed by the epicardial surface
where VI, is left ventricular cavity volume, VW is left ventricular wall volume, and I& is the reference value of VlVThe wall volume is assumed to be constant and equal to the total volume of the left ventricular free wall and septum. Applying Eqs. 1 and 2 to Eq. 3 for a cylindrical epicardial surface
The parameters E, and 6x can be measured instantaneously and locally on the epicardial surface of the free wall of the left ventricle (3), The curves in Fig. 3 represent the predicted pathway of the deformation parameters y, cC, and ~~ as a function of Ed during the ejection phase for five different beats with left ventricular end-diastolic volume (V,,,J in the range of 20-100 ml. The slopes of the lines connecting the beginning and end points of the control state curves (i.e., VI~,~~ = 60 ml) were 0.67, 0.32, and 0.37, respectively.
METHODS: IN WV0 EXPERIMENTS
The experiments were performed on four mongrel dogs weighing 25-34 kg. The animals were premeditated with Hyphorm (1 ml/kg im: I ml Hyphorm contains 10 mg fluanison and 0.2 mg fentanyl base). Anesthesia was induced by pentobarbital sodium (10 mg/kg iv) and after endotracheal intubation was maintained by oxygen and nitrous oxide. Ventilation was kept constant with a positive-pressure respirator (Pulmomat).
The electrocardiogram was derived from the limb leads. The chest was opened through the left fifth intercostal space, and the heart was suspended in a pericardial cradle. Ascending aortic pressure was measured via the carotid artery with a catheter connected to a pressure transducer (Ailtech). Left ventricular pressure was measured with a catheter-tip micromanometer (Millar) inserted through a femoral artery. The lumen of the catheter-tip micromanometer was connected to an external pressure transducer (Ailtech), which could be set at a reference level by switching a three-way cock. O-15 mmHg). Ascending aortic volume flow was measured with an electromagnetic flowmeter (Transflow 600). The probes were calibrated in vitro prior to the experiments. The end-diastolic level of the instantaneous flow recording was used as zero flow reference. A string around the ascending aorta proximal to the electromagnetic flow probe allowed temporary occlusion of the aorta for the purpose of obtaining isovolumic left ventricular contractions, shear angle as well as the zero level of end-diastolic left ventricular pressure by switching of the three-way cock. All variables were registered at a paper speed of 100 mm/ s for 15 s, after which an aortic occlusion was induced during diastole for at least one beat. Thereafter, paper speed was reduced to 2 mm/s for continuous monitoring.
Regional left ventricular deformation was measured with an inductive method (3) using a rotating magneticfield-generating coil (MFGC). This coil was attached to the epicardium of the anterior free wall of the left ventricle approximately 30 mm lateral to the left anterior descending coronary artery and approximately 30 mm distal to the left circumflex coronary artery (Fig. 4) . A sensor coil for detecting circumferential natural strain (SC,) was placed between the left anterior descending coronary artery and MFGC, approximately 17 mm from the latter. A sensor coil for detecting base-to-apex natural strain (SC,) was attached to the epicardium between the left circumflex coronary artery and MFGC, approximately 17 mm from the latter. Thus the three coils formed a triangle with the field-generating coil at its right angle. Natural strains were derived electronically from changes in the amplitude of the signals induced in the sensor coils. The generated magnetic field spins with a frequency of 1,500 Hz around the axis of the MFGC. Therefore, the induced voltages in SC, and SC, are out of phase with an angle equal to the angle formed by SC,-MFGC-SC,.
The shear angle was determined electronically as the deviation of this phase angle from 90".
To increase left ventricular end-diastolic volume and hence stroke volume, hypervolemia was induced by administrating physiological saline. Measurements were repeated at various levels of hypervolemia.
After maximal hypervolemia (end-diastolic left ventricular pressure as high as possible but not higher than 2 kPa or 15 mmHg) blood volume was reduced by venous bleeding, and measurements were repeated at various blood volumes. When peak-systolic blood pressure decreased below 7 kPa (52 mmHg), the experiment was terminated by giving the animal a lethal dose of KCl. The heart was removed, and the ventricles were dissected from the atria just below the basal plane. Left ventricular free wall and septum were separated from the right ventricular free wall, and both parts of the cardiac muscle were weighed. Analysis of wall shortening. To investigate whether, in the wall of the left ventricle, local wall shortening corresponded with the average value of wall shortening, in different experiments stroke volume (AVcB~c) as calculated from changes in local natural volume strain was compared with stroke volume (AV&J as calculated by time integration of the instantaneous aortic volume flow. Using Eq. 3 it holds (APPENDIX 3) that After installation of the measuring devices the variables were recorded continuously on a IO-channel paper recorder (Schwarzer) using a paper speed of 2 mm/s. Under control conditions measurements started by recording electrical reference levels of natural strains and Figure 5 iilustrates typical recordings of a cardiac cycle with a normal contraction followed by an isovolumic one. The ejection phase is marked by the aortic volume flow signal. During this phase epicardial deformation was generally found to occur smoothly, whereas during the isovolumic contraction and relaxation phase often abrupt deformations were measured. Table 2 presents both the epicardial deformation as measured during the ejection phase and the hemodynamic variables, as measured in four experiments during the control state, maximum hypervolemia, and maximum hypovolemia. The change in circumferential natural strain, shear angle during the ejection phase, and stroke volume (AVQJ, as measured electromagnetically, increased significantly (P < 0.001) with increasing end-diastolic left ventricular pressure. The amplitude of the change in base-to-apex natural strain did not significantly depend (P > 0.05) on enddiastolic left ventricular pressure. Systolic and diastolic aortic pressure, stroke volume (AVQ,,), heart rate, enddiastolic left ventricular pressure, and postmortem left ventricular weight are mentioned to illustrate the hemodynamic state, whereas systolic left ventricular pressure during aortic occlusion relates to contractility of the cardiac muscle. After aortic occlusion the changes in l C, Ed, and y during the ejection phase were less pronounced. For example, in Fig. 5 during the part of systole where left ventricular pressure exceeds half of its peak value, l C, Ed, and y increased only 0.010, 0.026, and 0.023 rad, respectively. These changes are opposite and smaller compared with normal ejection. Moreover, systolic left ventricular pressure was approximately doubled, and ventricular relaxation was delayed approximately 50 ms. The peaking of the aortic volume flow seen at the onset of aortic occlusion probably represents an artifact due to a loss in contact between aorta and the electrodes of the electromagnetic flowmeter.
In Fig. 6 for 45 beats obtained from four experiments the pathway of the shear angle y as a function of the instantaneous natural volume strain l v is plotted during the ejection phase. Each group of curves relates to one experiment. For comparison the model prediction (Fig.  3) is also plotted in this figure. For all curves the slope of the line connecting the beginning and end points of the curve was determined. Within each experiment the slope values thus obtained were plotted in another graph (not shown) as a function of midejection natural volume strain, as determined halfway between the beginning and end points of the corresponding curves. The resulting data points got a statistical weight proportional to the change of natural volume strain during the associated ejection phase. The latter weighing procedure accounts for a greater importance of a calculated slope when the beginning and end point are further apart. The linear regression line through the data points, relating slope to midejection natural volume strain, was calculated in each experiment. The control value of the slope was calculated as the value of the linear regression line at a midejection natural volume strain, as found in the control state. Thus the slope of the relation between y and ~~ in the control state was calculated to be 0.74 t 0.10 (mean t SD). Analogously, in Fig. 7 for the same beats the base-toapex natural strain cz is plotted as a function of l V together with the model prediction of this relation. Also analogous to the analysis of the relation between y and Ed, the slope of ~~ vs. l v in the control state was calculated to be 0.19 t 0.13 (n = 4), which is significantly (P < 0.004) different from zero, In Fig. 8 calculated stroke volume is plotted as a function of measured stroke volume. The slope of the relation, based on four experiments was 0.99 t 0.08, which is not significantly different from unity, suggesting that local wall shortening is close to mean shortening of the wall of the left ventricle.
DISCUSSION
Sensitivity of the model to parameter variations. The model is intended to relate fiber stress and fiber shortening to left ventricular pressure and volume during the ejection phase. One of the results of the model was that during the ejection phase the mutual relation between the epicardial deformation parameters was nearly independent of variations in hemodynamic loading of the left ventricle. For instance, the relation between epicardial shear y and natural volume strain l V tends to coincide in one curve as shown in Fig. 3 , despite wide variations in end-diastolic left ventricular volume (20-100 ml; control, 60 ml). It is interesting to note that, similarly, variation in the model situation of end-diastolic aortic pressure (range, 7-25 kPa = 52-187 mmHg; control, 11 Table 2 by a factor of 1.5) did not affect this relationship either; deviations in y from the curve were always less than 0.01 rad. Analogously, the relation between base-to-apex natural strain ez and natural volume strain cv also tend to coincide in one curve (Fig. 3) . Deviations of Ed from this curve were less than 0.002. Because changes in hemodynamic loading (preload and afterload) and in muscle properties (contractility) did not essentially affect the mutual relationship between the epicardial deformation parameters, variation in the parameters related to aortic input impedance and muscle properties did not affect this relationship either. In summary, in the model, changes in muscle properties affect the hemodynamics without affecting the mechanism that relates muscle fiber mechanics, left ventricular hemodynamics, and epicardial deformation. Conversely, changes in hemodynamic loading affect the mechanical loading of the muscle fibers. The parameter values related to muscle properties (APPENDIX 1) are based as much as possible on experimental measurements on isolated cardiac muscle. However, most of these measurements are performed on different species (no dogs) and at relatively low temperatures. Therefore, parameters related to the rise time, duration, and decay time of muscle contraction and those related to velocity of sarcomere shortening are chosen so that in the control situation hemodynamic variables such as duration of the ejection phase and rate of rise of left ventricular pressure were in a physiological range for the dog According to the model the relation between muscle fiber mechanics and left ventricular hemodynamics mainly depends on the transmural distribution of fiber orientation and sarcomere length and on the ratio of left ventricular cavity volume to wall volume. The fiber orientation is reported to be different in various parts of the wall of the left ventricle (17, 26, 27) and shows relatively large interindividual differences. A general finding in the free wall of the left ventricle is an approximately linear decrease of the fiber angle with increasing distance from the endocardium in the inner half of the wall, a plateau representing a relatively thick middle layer of circumferentially directed fibers, and a steep decrease to a more axial direction in the subepicardial layers. Using an estimate of the transmural course of fiber orientation (26) and a uniform transmural distribution of sarcomere length, fiber stress during the ejection phase in the control state was calculated. Layers with a higher stress than the average were allowed to thicken, and layers with a lower stress were allowed to thin. Thus the transmural course of fiber orientation was adjusted, and the distribution of stress across the wall was made uniform in the midsystolic phase in the control state, After setting the transmural course of fiber orientation a characteristic result unique to our model was found; namely, the transmural distribution of mechanical loading was preserved fairly well (4) when end-diastolic left ventricular volume was varied over a wide range (from 20 up to 100 ml; control, 60 ml), Figure 9 shows the calculated transmural course of systolic fiber stress, sarcomere length at the beginning. of ejection, sarcomere shortening: during: the ejection phase, and contractile stroke work, generated per unit of muscle volume. The sensitivity of fiber stress in the different shells and the epicardial deformation parameters during the ejection phase to changes in fiber angle in the separate shells are shown in Table 3 . Each row represents the increment in fiber stress in the shells and the epicardial deformation parameters as a result of a 0.1 rad increase of the fiber angle in one of the shells. In the top row the control values of the parameters are presented. The influence of considering a different fiber orientation for the right ventricular (RV) side and septum can be estimated by comparing the ratios Ay/Ac, and AEJAE, in the control beat ( Fig. 2 ; fiber orientations RV different from LV) to those obtained earlier by Arts et al. (4) (fiber orientation RV the same as LV). With different RV fiber orientation these ratios are 0.67 and 0.37, respectively, whereas without they are 0.59 and 0.44.
In the model the ratio of left ventricular cavity to wall volume is assumed to be 0.54 (25) when calculating the slope of y vs. l v during ejection in the control state. A decrease of this ratio to 0.44 would cange the slope of this relation from 0.67 to 0.77.
Analysis of deformation. The relation between shear
angle and natural volume strain was predicted to be nonlinear (Fig. 3) . So in the analysis of experimental results this relation is approximated by a quadratic function. One of the properties of such a function is that the slope of a line connecting two points on the related parabolic curve is equal to the slope of the curve where the x variable equals the average of the x variables belonging to the latter two points. This property is used in determining the slope of the curves and relating measured shear angle and volume strain (Fig. 6 ) as a function of natural volume strain.
According to the model the slope mentioned above depends on the ratio of left ventricular cavity volume to wall volume. As this ratio was not measured in our experiments, its value was obtained from data on cardiac geometry during end-diastole in the control state, as described elsewhere (25) measurement variations within an experiment was reduced by using data on all analyzed beats within that experiment. The relation between base-to-apex strain and natural volume strain was analyzed in a similar way (Fig. 7) .
Comparison of results obtained in the model and in animaZ experiments. This comparison is confined to the measurable quantities left ventricular pressure, aortic pressure, aortic flow, and the deformation parameters (circumferential natural strain l C, base-to-apex natural strain ez and shear angle y) at the epicardial anterior free wall of the left ventricle.
The hemodynamic variables, as simulated in the model (Fig. Z) , were similar to these variables recorded in the animal experiment (Fig. 5) , Because of a simplified description of the aortic valve, oscillations in aortic pressure and volume flow due to closure of the aortic valve are not simulated. In the in vivo setting the time course of circumferential shortening and shear during the ejection phase were similar to the model prediction. Base-to-apex shortening was predicted by the model but was overestimated, which is clearly expressed by the ratio E&. In the model this ratio was 0.37, whereas in the in vivo experiments (Fig. 7) a ratio of 0.19 t 0.13 (mean t SD) was found (P < 0.004). From experiments reported by Rankin et al. (24) a value of 0.24 for this ratio could be calculated, which is not significantly different from our experimental results (P > 0.42). The overestimation of l z by the model might be due to the simplified assumption concerning the cylindrical symmetry of the left ventricular wall and neglect of the role of the papillary muscles.
The model predicts a counterclockwise rotation of the apex with respect to the base during the ejection phase when observing the left ventricle from the apex. Such torsion is associated with a decrease of the measured epicardial shear angle during this phase. In the experiments this shear was found to exist and to occur in the predicted direction. Moreover, the ratio of change in shear angle and change in natural volume strain during the ejection phase in the control state as found in the model (0.67) was quite close (P > 0.15) to the experimentally determined value (0.74 t 0.10; mean t SD).
Calculation of stroke volume from epicardial shortening. The assumptions made for the calculation of stroke volume (Eq. 5) were a cylindrical geometry of the left ventricle and a homogeneous distribution of epicardial shortening over the wall of the left ventricle. Furthermore, at some state of left ventricular deformation the ratio of left ventricular cavity volume to wall volume had to be known, This ratio during the end-diastolic control state was derived from data reported by Ross et al. (25) .
Despite these crude simplifying assumptions, stroke volume was calculated fairly accurately as indica ted by the good agreement between the calculate ,d and measured &es (Fig. 8) . The sensitivity of Eq. 5 to a change of the ratio of cavity to wall volume is expressed by a 7% decrease in the calculated stroke volume when changing the ratio of 0.54 to 0.44. For the measurement of natural volume strain at the epicardium various methods of segment length measurement might be used, at least when these segments are along the circumferential direction and base-to-apex direction.
Significance of epicardial deformation. The significance of epicardial deformation for the deformation of the deeper layers in the myocardial wall during contraction is mainly determined by the amount of shear between layers in the wall of the left ventricle parallel to the epicardial surface. During ejection, this shear was quantitatively determined to be 0.02 rad without preferential direction (II). The average of this shear, therefore, was approximately zero with a standard deviation in the order of 0.02 rad in all directions (APPENDIX 4 ). This shear is small compared to the change in strain during contraction, which is measured to be approximately 0.17 along the principal direction of the strain rate tensor. Hence in the normal heart the transmural course of deformation during ejection might be determined from the deformation of the epicardal surface with reasonable accuracy, which was also suggested by Feigl and Fry (10).
Epicardial shear was determined by Fenton and coinvestigators (12) . In their experiments contraction of the epicardial surface was approximately -0.20 in one principal direction and zero in the perpendicular principal direction. Applying general mechanics (APPENDIX 5) to the deformation parameters measured in our experiments (AE~ = -0,09, AE, = -0.04, and Ay = -0.15 rad), natural strains along both principal directions were calculated to be -0.14 and +O.Ol, respectively.
The direction with maximum shortening was calculated to form an angle of 35.7" with the circumferential direction. In the model in the control state AE~ = -0.083, AG = -0.095, and Ay = -0.169 rad. Thus during the ejection phase natural strains along both principal directions were calculated to be -0.174 and -0.004, and the direction with maximum shortening formed an angle of 47" with the circumference.
Fenton's measurements (12), our measurements, and the model are in good agreement with regard to the small ratio of minimum to maximum shortening along the principal directions. The differences in the amount of shortening found in the three studies are not significant, because the related biological variance is relatively large. The angles characterizing the principal direction with maximum shortening are different in the model study and in the in vivo experiments.
In both experimental studies they are smaller than the angle characterizing the fiber orientation, which is in the order of 55" at the epicardium (17, 26, 27) . This finding implies that the fiber orientation does not necessarily coincide with the direction of maximum shortening as was suggested by . Extrapolation of modeled left ventricular mechanics to the in uiuo situation. The results in the present study suggest a fair agreement between the model and experiments as far as global hemodynamics and epicardial deformation during the ejection phase are concerned. Therefore, the principles of the model might be valid. The major conclusion derived from the model is the likelihood of a rather uniform distribution of mechanical loading across the wall of the left ventricle (Fig. 9) . Uniformity of fiber stress across the wall could also be calculated by the use of another model based on a transmural gradient in the Young's modulus of the myocardial tissue across the wall (IS). In this case, however, fiber shortening was calculated to be nonuniformly distributed across the wall. Other models (16, 21, 29) based on uniformity of mechanical characteristics across the wall calculated fiber stress and sarcomere shortening to be twice as high in the subendocardial than in the subepicardial layers. This implies an endo-epicardial ratio of four for mechanical stroke work per unit of tissue volume. Measurement of the endo-epicardial ratio of myocardial perfusion under normal circumstances revealed values close to unity (5). This finding is in agreement with results of the current model, when assuming proportionality of coronary perfusion to generated mechanical power per unit of tissue volume:
In the model quantities related to the mechanics of the wall of the left ventricle are calculated to be rather uniformly distributed across the wall. Therefore, the average of these quantities is a good representative of their local value. The average across the wall of the quantities of sarcomere length (L,) and fiber stress (of), which are related to local wall mechanics, can be calculated fairly accurately from the global hemodynamic parameters left ventricular volume (VI,) and left ventricular pressure (Plv) by a set of two equations, thus bynassing the rather complicated model of left ventricular H387 mechanics. The first equation is empirically derived from the model (results present.ed in Fig. 9) + 11 l P1,
The average fiber stress thus calculated agrees with the model calculation of this stress with an accuracy of *2%. If the model is a good representative of the real situation, relations 6 and 7 may be applied to the left ventricle in VIVO. Conctusion. The values of epicardial deformation parameters and their interrelation during ejection as calculated by the present model of the mechanics of the left ventricle are approximately the same as the values measured in animal experiments. So the basic principles and some predictions of the model may be valid in the in vivo situation. An important prediction of the model is a quite uniform transmural distribution of fiber shortening as well as fiber stress during the ejection phase, at least when torsion of the left ventricle around the base-to-apex axis is allowed. Figure  10 shows the related responses of fiber Shear in the wall between layers in parallel with the wall can be represented by a vector (x, y) expressing the shear components along the x and ,y coordinates.
A t,wo-dimensional vector that is distributed symmetrically in a Gaussian way has the following probability distribution P(x, ,v) = exp(-[(x -2)" + (y -y)"]/2u2)/2d (A4.1) where u' is the variance, which is the same in all directions. If no preferential direction is present, it holds that (2, 7) = (0, 0), and the distribution can be written in polar coordinates as
